Abstract: Improved methods are needed for the prevention and control of invasive species. We investigated the potential to control a rusty crayfish (Orconectes rusticus) population in an isolated lake in northern Wisconsin by trapping adult crayfish and restricting fishing, thereby increasing fish populations and predation on small crayfish. Over a 3 year period, traps and predatory fishes removed substantial portions of the rusty crayfish population. We used an agestructured population model to determine which removal method had the largest effect on crayfish population growth rates. Because more crayfish were vulnerable to and removed by fish predation than by trapping, fish predation caused a larger decline in the population growth rate. However, trapping removed crayfish with the highest reproductive value and caused the largest decline in population growth rate per individual crayfish removed. Consideration of densitydependent responses to removal is necessary to predict long-term effects on rusty crayfish population dynamics. Nonetheless, our results suggest that the combination of trapping and fish predation can control established rusty crayfish populations and deserves further consideration for management.
Introduction
Invasive species are regarded as the most significant threat to biodiversity in aquatic ecosystems (Sala et al. 2001 ). In the Great Lakes region, aquatic invaders such as zebra mussels (Dreissena polymorpha) and rainbow smelt (Osmerus mordax) have altered food webs and extirpated native species, causing significant economic costs (Nalepa and Schloesser 1993; Hrabik et al. 1998; Pimental et al. 2000) . Negative ecological and economic impacts of aquatic invasive species are best minimized through targeted prevention of future invasions (Mack et al. 2000; Kolar and Lodge 2001; Vander Zanden et al. 2004) . In many areas, invasive species are already established, necessitating methods to manage exotic populations. In addition, eradication may suppress future spread from new source populations (Myers et al. 2000) .
Opportunities for remediation of established exotic populations do exist, and the literature is rich with examples of successful and unsuccessful attempts to control or eradicate exotics (Smith and Tibbles 1980; Knapp and Matthews 1998; Myers et al. 2000) . Many management strategies use toxicants or introduce other exotic species to control target invaders (Ray and Stevens 1970; Bills and Marking 1988; Simberloff and Stiling 1996) , which may create new problems with or without alleviating the original ones. Additionally, restoration goals may not be accomplished if the outcome of removal is not placed in a whole-ecosystem context (Zavaleta et al. 2001) . Thus, targeted control efforts that enhance the natural control of exotic species and consider the ecosystem-level result are of high value.
The rusty crayfish (Orconectes rusticus) is an invader that has significantly impacted aquatic ecosystems. Rusty crayfish expanded beyond their native range in the Ohio River Valley in the 1970s and are well studied as invaders (Hobbs et al. 1989; Taylor et al. 1996; Lodge et al. 2000) . In the lakes of northern Wisconsin, rusty crayfish were probably introduced by fishermen as live bait and then dispersed naturally through connected systems (Capelli and Magnuson 1983; Hobbs et al. 1989) . Rusty crayfish populations are established in many bodies of water, often leading to rapid ecological change in invaded lakes. Rusty crayfish displace native species of crayfish Capelli and Munjal 1982) , destroy macrophyte beds (Olsen et al. 1991; Wilson 2002) , compete with fishes for invertebrate prey, and decrease recruitment rates of sport fishes by eating eggs and removing macrophyte habitat (Magnuson et al. 1975; Capelli and Magnuson 1983; Lodge and Lorman 1987) .
Given these impacts on aquatic ecosystems, there are substantial benefits to reducing the effects of rusty crayfish in invaded lakes. We initiated a whole-lake experiment to determine whether it is practical to remove enough rusty crayfish to control or reduce their impact on the lake ecosystem. Success depends on the logistic feasibility of rusty crayfish population reduction, the potential for rusty crayfish reinvasion, and the susceptibility of rusty crayfish to control measures (Myers et al. 2000) . Sparkling Lake in Vilas County, Wisconsin (46.00°N, 89.70°W), was ideal for this rusty crayfish eradication experiment because the lake is relatively small (64 ha) and already contains two crayfish predators, smallmouth bass (Micropterus dolomieu) and rock bass (Ambloplites rupestris). The probability of reinvasion is low owing to the lack of surface inlets or outlets and a ban on the use of crayfish as live bait (Capelli and Magnuson 1983; Lodge et al. 1985) . The efficacy of crayfish removal remains unclear: several studies conclude that trapping alone is ineffective for crayfish control (Momot and Gowing 1977; Momot 1991 Momot , 1993 , whereas other studies conclude that fish can effectively control crayfish (Svärdson 1972; Rach and Bills 1989) .
We designed a whole-lake experiment to overexploit a rusty crayfish population by trapping and simultaneously protecting the population of smallmouth bass from fishing pressure. We used an age-structured population model to determine which age classes to remove for the most effective rusty crayfish control. Specifically, which results in a greater reduction in population growth rate, selective trapping or fish predation? Traps select large, adult crayfish , whereas fish select small crayfish (Stein 1977; Roth 2001) . We compared the number of crayfish removed by trapping and the number consumed by fish each year with a population estimate. By using an age-structured population model to calculate population growth rates after trap or predator-induced mortality, we were able to account for the size and reproductive value of individuals removed.
Methods

Study site
Sparkling Lake is a mesotrophic seepage lake and is part of the North Temperate Lakes Long-Term Ecological Research Program (http://lter.limnology.wisc.edu). Sparkling Lake has a perimeter of 4.3 km and a maximum depth of 20 m (http://lter.limnology.wisc.edu). Most of the lake's littoral zone has a sandy substrate, although there are some cobble areas in the southwest. Macrophytes are sparse but densest in groundwater discharge areas (Hagerthey and Kerfoot 1998) . Both rainbow smelt (Osmerus mordax) (Hrabik et al. 1998 ) and rusty crayfish invaded Sparkling Lake in the 1970s . In 1973, Orconectes propinquus dominated the catch (70%) followed by O. virilis (20%) and O. rusticus (10%) (Hein 2004) . Therefore, we concentrated traps on the southern and western shorelines of the lake, where cobble was prevalent and catch rates were highest. Wire minnow traps with an enlarged (3.5 cm diameter) opening were baited with 4 to 5 frozen smelt (8-13 g each) and set 1-2 m deep at~10 m intervals. Effort increased in successive years. The number of trap-days increased from 1584 in 2001 to 3497 in 2002 to 7432 in 2003, where a trapday is one trap fished for 24 h. At the highest level of effort, we set and pulled 184 traps per day. We counted every male and female crayfish captured in each trap and determined length-weight relationships by weighing and measuring carapace lengths of subsamples. Estimates of the biomass removed by traps and fish used this length-weight regression.
Fish predation
To protect and enhance populations of crayfish predators, the Wisconsin Department of Natural Resources instated strict regulations on smallmouth bass. As part of this project, the minimum length was increased from 356 mm to 457 mm total length, and the daily bag limit was decreased from 5 to 1 fish. Using electrofishing, we sampled fish bimonthly from late May through August in 2001, 2002, and 2003 . Fish were also sampled once in mid-September and once in late October each year. We tagged all fish with Floy tags, fin clips, or both to estimate population sizes of smallmouth bass and rock bass each year using the modified Schnabel mark and recapture method (Ricker 1975) . Diets of both fish species were sampled using gastric lavage (Seaburg 1957) . Carapace and chelae lengths of crayfish in diets were measured with vernier calipers.
We determined the total number and biomass of crayfish consumed by fish each year using Bioenergetics 3.0 (Hanson et al. 1997 ), using parameters developed by Whitledge et al. (2003) and Roell and Orth (1993) for adult smallmouth bass and rock bass, respectively. Analysis of fish scales provided age-specific growth estimates (Ricker 1975) . Predator sizefrequency data and population estimates were combined to approximate the number of fish at each age consuming crayfish. Simulations used average daily water temperatures of Sparkling Lake throughout the sampling period (http://lter. limnology.wisc.edu). We based diet information on that obtained from bimonthly sampling, as described above, and categorized the prey species. "Other fishes" included any fish species other than rainbow smelt (Osmerus mordax) found in diets, but was dominated by mimic shiners (Notropis volucellus). Adult Ephemeroptera and Odonata, Hirudinea, Oligocheata, and Anura composed the "Other" prey category. The energy densities (J·g -1 wet mass) used in the model are 3766 for crayfish (Roell and Orth 1993) , 4850 for rainbow smelt (Lantry and Stewart 1993) , 5328 for fish (modeled as a Cyprinid; Cummins and Wuycheck 1971) , and 4705 for all invertebrate categories (modeled as the mean energy density for larval Ephemeropterans; Hanson et al. 1997 ). The bioenergetics model incorporated the changing proportions of prey items throughout the summer.
Population estimates
We estimated the total crayfish population size in August 2003 to gauge the portion of the population removed by trapping and fish predation. We summed the products of average crayfish densities and areas derived from a variety of habitat and depth zones according to
where C h,d is the average crayfish density in habitat h and depth zone d, and A h,d is the corresponding area. Habitats were characterized as sand, macrophytes, or cobble; depth zones were 0-0.5, 0.5-3, 3-5, 5-6.5, and 6.5-8 m. At depths greater than 8 m, the substrate is muck, which is unsuitable habitat for crayfish (Capelli and Magnuson 1983) . Because no simple method to calculate confidence intervals for this type of population estimate exists (because of the uncertainty in both crayfish densities within areas and the size of the areas), we present the point estimate.
We first estimated the area of the littoral zone. We swam 23 depth transects using SCUBA and recorded the habitat type within each depth zone. In addition, we observed the substrate around the perimeter of the lake at the 1 m depth contour from a boat using a global positioning system (GPS). We divided the lake into polygons of the same habitat for each depth range, called habitat-depth hereafter (Fig. 1) . We assumed that areas between two transects with the same habitat were characterized by that habitat. If the habitats at adjacent transects were different, we assumed the transition was midway between transects. We interpolated the contour of the lake bottom using a digitized bathymetric map. We then used a geographic information system (GIS) to calculate the area of each habitat within each of the five depth zones.
We used three methods to estimate densities of adult and juvenile crayfish on different habitat types during the day. To accurately sample dense aggregations of small crayfish on cobble substrates, SCUBA divers collected all crayfish above and beneath the cobble within an area bounded by a ring set at 1-2 m depths. The ring consisted of a circular net 30 cm tall with 4 mm mesh suspended by a buoyant plastic ring and anchored with light chain. The netting prevented crayfish from escaping the ring during collection. Thus, we were able to obtain more accurate density estimates of small individuals and measure crayfish carapace lengths (CL). We sampled three 10 m 2 rings at each of three sites in July and August of 2002 and ten 1 m 2 rings at three sites in July and August of 2003 ( Fig. 1) . Because juvenile crayfish are often at high densities and difficult to collect, we sampled juvenile crayfish within a 0.09 m 2 ring using an underwater vacuum powered by air from a SCUBA tank, similar to the method employed by Wahle and Steneck (1991) Habitat characterization of cobble, macrophytes, and sand in five depth zones of Sparkling Lake, Wisconsin, USA. At depths greater than 7.62 m, the substrate was muck. Arrows represent transects surveyed for crayfish densities, and asterisks represent sites where netted rings were sampled using SCUBA.
The quadrat method was not effective on sand and mud substrates because crayfish left the area before the quadrat landed on the bottom. Therefore, we swam transects to count the number of crayfish on open substrates. On 22 and 23 August 2003, we surveyed crayfish densities along nine transects perpendicular to shore using SCUBA. Transect sites that crossed sand or macrophyte habitats were selected randomly from trapping locations routinely sampled in (Hein 2004 . A pair of divers swam from the 0.5 m to the 8 m depth contours. We assumed that crayfish densities from 0 to 0.5 m depths were the same as those from 0.5 to 3 m depths on each habitat type. One diver held a 3 m long polyvinyl chloride (PVC) pipe to delineate the sample area and used a compass to maintain a heading perpendicular to shore. The other diver counted the number of crayfish within each depth zone used to estimate habitat area. The diver turned over logs and rocks to count hidden individuals and avoided recounting the same individuals. The average densities obtained from SCUBA transects were multiplied by the areas of sand and macrophyte habitats for the population estimate.
Modeling
Following the methods of Lin and Ives (2003), we built an age-structured Leslie matrix model for rusty crayfish to assess how age-selective mortality by traps and fish affect population growth rates (Table 1 ). These models use matrix algebra to calculate both the number of offspring born into each age class and the probability of surviving through a time step to enter the next age class (Caswell 2001) . Refer to Crouse et al. (1987) for a detailed summary of matrix population models. Often, the population growth rates obtained from matrix models are used to project the population size and structure (Crouse et al. 1987 ). However, our goal was simply to compare population growth rates given different removal strategies.
We modified the Leslie matrix model to account for the additional mortality of crayfish removal by multiplying the agespecific survivorship (s i ) by survivorship from either trapping or fish predation (k i ). Because baseline survivorships were obtained from a lake with fishes subject to standard management practices (size and bag limits), the survivorship term for fish predation represents the effect of an enhanced predator population caused by changes in fishery management. The age-specific survivals from trapping and fish predation (k i ) were calculated as
where P i is the selectivity of traps and fish for crayfish of age i, and m scales the total population mortality resulting from trapping or fish predation: the larger the value of m is, the greater the mortality is from either trapping or enhanced predation pressure.
To calculate the impact of trapping or fish predation on the rusty crayfish population, we assumed that populations were initially at their stable-age distribution given by the Leslie matrix without additional mortality (i.e., m = 0). We then added age-selective removal (by either trapping or fish predation) by calculating the value of m that would remove a target proportion p of the total crayfish population. Agespecific removal of crayfish changes the stable-age distribution and hence the proportion of the total population removed. For the new stable-age distribution, we recomputed m to again remove the target proportion of the population. We iterated this procedure until it converged on a value of m such that, at the stable-age distribution, the target proportion p of the crayfish population was removed by trapping or fish predation. This results in the hypothetical population growth rate of rusty crayfish after experiencing the same trapping or fishing pressure for many years.
To obtain age-class selectivity (P i ), we divided the proportion of crayfish in each age class in traps or fish diets by the proportion of that age class in the environment and standardized these numbers to add to 1 (Fig. 2b) . The higher P i is, the more selective the removal method is for that age class. We defined age classes according to sizes at age determined by Lorman (1980) in July and August (Fig. 2a) . Crayfish in age class 0 are not yet reproductively mature, but those in age class I are (the smallest gravid female in Sparkling Lake had a carapace length of 15.8 mm). Data collected from the SCUBA quadrat surveys provided the sizes of crayfish in the environment. We measured 9671 crayfish in traps, 250 crayfish in fish diets, and 606 crayfish from hand collections and partitioned these individuals into the four age classes defined by Lorman (1980) . Because the population in Sparkling Lake was being manipulated, we parameterized the age-structured model using fertility and survivorship data from a rusty crayfish population in Upper Sugarbush Lake, Wisconsin, collected in the late 1970s by Lorman (1980) . The age-specific fecundity (F i ) is the product of fertility (the number of juveniles per female) and juvenile survivorship (f i ·s 0 ) (Caswell 2001) . We approximated fertility using Lorman's regression between female carapace length and number of attached juveniles. Lorman observed a 50:50 sex ratio, so we halved the number of juveniles per female to obtain the fertility of each individual in the population (Caswell 2001) . From Lorman's data, we used two methods to compute survivorships (s i ) because they both give plausible yet different Leslie matrices. First, we divided September age-specific population estimates by those in May (Lorman 1980 ) to obtain survivorships for age classes I to III (Table 2) . Juvenile survivorship (s 0 ) was estimated using population estimates from June to September (Lorman 1980) . These survivorships do not include winter, but most mortality occurs during summer owing to molting and increased predation by fishes (Lorman 1980; Momot 1991 tribution observed in May under the assumption that the population was at stationarity with an average population growth rate of 0. Because the rusty crayfish population was well established in Upper Sugarbush Lake at the time of Lorman's study, assuming stationarity is reasonable.
We performed a sensitivity analysis to determine the robustness of our conclusions about the relative impacts of trapping and fish predation on rusty crayfish population growth rates. We began with the Leslie matrix parameterized using method 1 and randomly varied the parameters by selecting values from independent uniform distributions ranging from 50% below to 50% above the estimated values. We generated 2000 Leslie matrices by randomly selecting parameter values and then calculated the crayfish population growth rates with trapping, fish predation, or nonselective removal.
Results
Removal and population estimates
In combination, traps and fish removed a substantial portion of the population. We estimated that traps and fish removed a total of 1 212 148 individuals and 1212 kg of crayfish over three years of removal. Together they removed approximately 55% of the population in 2003. Fish predation removed a greater portion of the entire rusty crayfish population than trapping in terms of biomass and numbers of crayfish (Fig. 3) . Our surveys gave an estimated population size of 365 960 crayfish in August of 2003. However, this estimate does not account for mortality that occurred over the summer owing to removal. A more accurate population estimate for the summer of 2003 is 578 790, which is the sum of the August 2003 population estimate and the number of crayfish consumed by fishes and removed by traps prior to the population estimate in August 2003. Fish consumed an estimated 298 600 crayfish in 2003, or 51% of the entire crayfish population. Traps removed 22 585 crayfish in 2003, or 4% of the total population. Over the three years of removal, fish consumed~247 kg more crayfish than traps captured. A larger proportion of the crayfish population was susceptible to fish predation relative to trapping (Fig. 2a) . Approximately 91% of crayfish collected in 1 m 2 rings were juveniles and less than 1% of crayfish were age class II or III. The size distributions of crayfish in traps and fish diets overlapped between 20 mm and 35 mm CL, but most crayfish consumed by fishes had CL less than 25 mm. Conversely, most trapped crayfish had CL greater than 25 mm (Fig. 2a) .
Although trapping removed fewer crayfish than fish predation, traps effectively removed crayfish biomass and nearly all crayfish vulnerable to trapping. Crayfish biomass caught in traps was nearly as high as that removed by predators each year (Fig. 3b) . Crayfish most vulnerable to trapping, those in age classes II and III, composed only 3% of the population, and we removed approximately 4% of the total population in 2003. This slight discrepancy is largely the result of error in the population estimate and suggests that trapping removed most crayfish vulnerable to trapping in Note: In method 1, survivorships were calculated from censuses in May and September, and in method 2, survivorships were computed to give a stable-age distribution corresponding to the observed age distribution in May. (Lorman 1980). 2003. Substantial declines in catch rates each year of the removal provide further evidence for the strong impact of trapping on large crayfish. After one year of removal, catch rates in August declined from 6.6 to 2.1 crayfish per trap. After two years of removal, catch rates fell to 0.56 crayfish per trap (Fig. 4) .
The abundance of smallmouth bass and rock bass did not steadily increase each year (Fig. 5) . The population estimates and estimated biomass of both species were highest in 2002. Because there were few recaptures in 2002, the error bars of these population estimates were also large (Fig. 5) . Crayfish composed the largest portion of bass diets each year, except in 2002 when smallmouth bass consumed a greater proportion of fishes (Table 3) (Fig. 6b) . Fishes became a more dominant prey item in smallmouth bass diets over time (Table 3) . These changing consumption rates and diet compositions were incorporated into the bioenergetics models used to estimate the number and biomass of crayfish consumed by bass each year.
Catch rates of native crayfishes in Sparkling Lake did not change. We caught 17, 16, and 20 O. virilis in 2001, 2002, and 2003, respectively 
Modeling
The effect of removal on the population growth rate depends on the number and reproductive value of individuals removed. Trapping removes large crayfish with a high reproductive value, whereas fish consume a greater quantity of crayfish with low reproductive value. Overall, fish predation decreased the population growth rate most because a greater number of crayfish were removed.
Because trapping removes individuals of greater reproductive value, trapping leads to lower crayfish population growth rates than fish predation when standardized so that the same proportion of the total crayfish population is removed (Fig. 7) . Although not as extreme as trapping, fish also remove larger crayfish than the average size in the population (Fig. 2a) . Therefore, fish predation leads to lower population growth rates than nonselective crayfish removal when standardized to the same proportion of the total population removed (Fig. 7) . The impact of trapping on larger age classes is apparent in the step-like changes in the population growth rate when the proportion of the total population removed by trapping reaches 0.04 (Fig. 7a) or 0.08 (Fig. 7b) . At these levels, the population growth rate drops as the most fecund component of the population (age class III) essentially be- comes 0. The population growth rate drops precipitously when age class II is eliminated by trapping. Although trapping leads to the lowest population growth rates, this is only true if each of the selective agents removes the same proportion (p) of the population. In Sparkling Lake, trapping removed roughly 4% of the total population, whereas fish predation removed 51% of the total population. The population growth rate is -0.0972 or -0.0657 after 4% of the population was removed by trapping and -4.0258 or -4.2451 after 51% of the population was consumed by fishes (for the Leslie matrix parameterized by method 1 or method 2, respectively). Therefore, fish predation caused a greater reduction in the population growth rate than trapping.
Although these values cannot be used to project the crayfish population size into the future, the relative impacts of trapping and fish predation on the population growth rate are robust to parameter uncertainty in the Leslie matrix. We subtracted the population growth rates of one removal method from another removal method for all 2000 randomly constructed Leslie matrices. Because all of the differences had the same sign, our conclusions about the relative effects of each removal method withstand model uncertainty. The differences in crayfish population growth rates between the three age-selective removal methods are given (Table 4) : trapping, r trap (p), fish predation, r fish (p), and nonselective removal, r even (p), when the proportion of crayfish removed (p) equals either that achieved by traps (p = 0.04) or that achieved by fish predation (p = 0.51). For example, negative values obtained when r fish (0.04) is subtracted from r trap (0.04) show that the population growth rate given trapping is always lower than that given fish predation. When p = 0.04, trapping always led to the lowest crayfish population growth rates (r trap (0.04) -r fish (0.04) < 0), and nonselective removal always led to the highest crayfish population growth rate (r fish (0.04) -r even (0.04) < 0). Using those levels of removal observed during the experiment, fish predation always led to the lowest population growth rate (r trap (0.04) -r fish (0.51) > 0). The robustness of our conclusions is emphasized by the wide range of values of crayfish population growth rates (r trap (0.04), r fish (0.04), and r fish (0.51)) that were calculated from the 2000 randomly constructed Leslie matrices used for the sensitivity analysis (Table 4) .
No evidence of a compensatory response in rusty crayfish fecundity to the removal exists. The fecundity of rusty crayfish did not increase from 2002 to 2003 (Fig. 8) . Fecundity data from 2001 and prior years are not available. Therefore, the assumption that the rusty crayfish population in Sparkling Lake exhibits stable, age-specific fecundities is valid. Further investigation is necessary to determine whether other aspects of the rusty crayfish population (e.g., survivorship) exhibit a density-dependent response.
Discussion
The combination of trapping and fishing regulations that protect predatory fishes effectively reduced the catch and abundance of rusty crayfish. Our age-structured population model showed that fish predation caused the largest decline in the crayfish population growth rate because a large number of crayfish were consumed. Although a small portion of the population was vulnerable to trapping, the population growth Note: Two-thousand Leslie matrices were constructed by randomly selecting survivorship (s 0 -s 3 ) and fertility (f 1 -f 3 ) values from uniform distributions ranging from 50% below to 50% above the estimated parameter values. The first four rows of the table give the differences in population growth rates between removal methods; the last three rows give the range of population growth rates of each removal method. The proportions of the population removed by each method are given in parentheses. Table 4 . Sensitivity analysis for parameter values in the Leslie matrix model parameterized using method 1. rate at low levels of removal decreased most with trapping, which removed crayfish of the highest reproductive value.
Other studies support the conclusion that smallmouth bass and rock bass could feasibly control rusty crayfish populations. Centrarchids commonly consume crayfish (Stein 1977; Vander Zanden et al. 1997 ) and depend on crayfish energetically (Rabeni 1992) . In many bodies of water, fish consume as much as 40% of the annual crayfish production (Dorn and Mittelbach 1999) . Largemouth bass (Micropterus salmoides) removed 98% of O. immunis from a small pond (Rach and Bills 1989) , and eels (Anguilla anguilla) have extirpated crayfish populations (Astacus astacus and Pacifastacus leniusculus) in Sweden (Svärdson 1972) .
Knowledge of baseline levels of crayfish mortality in Sparkling Lake resulting from fish predation is necessary to determine how much additional mortality occurred after the change in fishing regulations. Fish may have consumed a substantial proportion of the crayfish population prior to the manipulation, as well as in 2003. Although the survivorship parameters of the matrix model were based on a system with predators, which assumed crayfish and fish populations were at equilibrium, increased predation will only decrease population growth rates further.
Traps substantially reduced growth rates and may effectively control rusty crayfish. Many studies claimed that crayfish control or eradication by trapping is infeasible, but these studies were on small lakes with low populations of predatory fishes (Momot and Gowing 1977; Momot 1991 Momot , 1993 . Traps have also been widely cited as selective for large males (Momot and Gowing 1977; Lodge et al. 1985; Momot 1993) , leaving behind females with whom remaining males may breed. However, Hein (2004) showed that 47% of crayfish removed were females in 2003. These females are the largest, most fecund members of the population, and their removal is critical to the success of the eradication effort. Accordingly, the model led to large declines in the population growth rate when crayfish in age classes vulnerable to trapping were removed.
The goal of the model was to contrast the relative rather than absolute effects of trapping and fish predation on population growth rates. Just as other studies have observed (Momot 1967; Momot and Gowing 1977) , survivorship is extremely low for age-0 individuals, higher for age-1 individuals, and low for age-2 and age-3 individuals. As seen from the sensitivity analysis, the predicted relative effects of trapping vs. fish predation were robust to high levels of uncertainty in the model parameter values. Nonetheless, survivorship estimates are not exact (e.g., method 1 does not include overwinter mortality), and the absolute crayfish population growth rates obtained during the sensitivity analysis fluctuated widely, giving both positive and negative estimates. Therefore, to accurately predict the actual change in population growth rates resulting from trapping and fish predation, parameterization of the Leslie matrix model must be more precise.
Age-or size-based population models have been used to determine which age classes to protect for conservation of endangered populations (Crouse et al. 1987) , to protect for sustainable forestry (Freckleton et al. 2003 ) and fishery practices (Frisk et al. 2002) , or to exploit for control of pests or invaders (Shea and Kelly 1998; Parker 2000) . Many of these studies use elasticity analysis, which is the proportional change in population growth rate caused by a proportional change in a life history parameter (Crouse et al. 1987; Shea and Kelly 1998; and Frisk et al. 2002) . These studies recommend that management strategies focus on life history parameters with the highest elasticity, but Norris and McCulloch (2003) show that the scope for management must also be considered because management practices may not be able to significantly affect the vital rate targeted by the analysis. Our model did not directly measure changes in vital rates given management strategies, but it did recognize that trapping and fish predation remove different quantities of crayfish from a range of age classes.
In addition, Freckleton et al. (2003) conclude that management recommendations may be erroneous when population models do not include density dependence. Our exponential growth model does not consider densitydependent responses of the crayfish population to removal, which is necessary to predict the long-term effects of rusty crayfish removal. If population growth increased at low adult densities, rusty crayfish extirpation would be more difficult. Alternatively, decreased growth, fecundity, or juvenile survivorship in response to removal would indicate depensation (Hilborn and Walters 1992) . Momot and Gowing (1977) found decreased fecundity with harvest in an O. virilis population, but fecundity in the Sparkling Lake O. rusticus population has not changed in response to removal. Crayfish production and juvenile survivorship respond variably to trapping in different lakes (Momot and Gowing 1977; Momot 1991 Momot , 1993 . A greater understanding of density dependence in crayfish populations is required before including density dependence in our crayfish population model.
Even if rusty crayfish are not eradicated, we may be able to manage invader populations for reduced impacts. Our results illustrate that the combination of trapping and fishing regulations that protect native crayfish predators effectively control rusty crayfish. Continued removal may minimize negative effects on the aquatic community. Abundance and diversity of macrophytes and benthic invertebrates decline with rusty crayfish invasions (Wilson 2002) . We expect an increase in the biomass of macrophytes and benthic invertebrates because of the decline in rusty crayfish since removal began. Preliminary analyses indicate that the percent cover of Eleocharis spp. and Najas spp. has increased, suggesting increased macrophyte abundance.
These large-scale changes in the lake ecosystem may interact to either benefit or hinder rusty crayfish control efforts. Predation rates on crayfish appear to be decreasing, perhaps because fewer crayfish and more macrophytes, which provide cover for crayfish, lead to lower encounter rates. Bass may switch to prey that are more abundant, such as mimic shiners. Therefore, the efficacy of removal may decline as the removal proceeds, and population growth rates may begin to increase. Alternatively, more macrophytes may aid in the recovery of sunfish populations (Lepomis sp.), which are important predators of juvenile crayfish (Roth 2005) . In the latter case, population growth rates might decrease even further to the point where rusty crayfish are ac-tually extirpated. These lakewide interactions will continue to be monitored and analyzed as the removal proceeds.
This type of whole-ecosystem experiment is crucial to understanding the ecology of rusty crayfish and to outlining pathways for successful management of this nuisance species. Small-scale experiments are useful for describing effects that occur over short temporal and small spatial scales but may fail to scale up to the proper management unit (a whole lake), which limits their application (Diamond 1986 ). Our eradication effort occurs on a scale that is relevant to both managers and ecologists. Scientists and managers should continue to develop invasive species control programs in contained systems that target the exotic species and enhance native predator populations. Removal of rusty crayfish on Sparkling Lake provides one example of invasive species control that may be effective, but studies on other lakes are necessary to determine the generality of our results. By taking an active approach, we may learn more about the ecology of invaders and minimize negative impacts on the ecosystems they invade.
